In this paper, we introduce a general technique to study dissociation channels of singly ionized heteronuclear diatomic molecules by comparing the branching ratios of these channels induced by a light field either parallel or perpendicular to the molecular axis. The experimental results show that a singly ionized heteronuclear diatomic molecule, if it dissociates, will be strongly influenced by its detailed electronic structure. Our study of single-ionization-induced dissociation demonstrates the fundamental difference between ionization dynamics in strong fields versus weak fields.
(Some figures in this article are in colour only in the electronic version) Recently, there has been an ever-growing interest in studying single and multiple ionization in molecules both experimentally and theoretically in strong fields [1] [2] [3] [4] [5] [6] [7] [8] . This is mainly due to the fact that molecules often behave significantly different in strong fields from what we have learned from atoms [2] [3] [4] [5] [6] [7] [8] . A well-known example is the observation of an apparently low single ionization rate in O 2 compared to a rare gas atom Xe that has virtually the same ionization potential as O 2 , although a similar ionization suppression is not seen in other molecules, such as N 2 [2] [3] [4] . Recently, we have also extended the study of anomalous behaviour of molecules, for the first time, to the single-ionization-induced dissociation [9] . Following single-electron ionization, we found that the heteronuclear diatomic molecule NO will preferentially dissociate into the N + + O channel rather than the N + O + channel when the laser field is oriented perpendicular to the molecular axis, despite that the latter channel is more energetically favourable. A careful examination of the unique electronic structure of the NO molecule suggests that this observation is due to the detailed electronic structures of NO that lead singly ionized NO created in strong laser fields to dissociate differently than they do in weak fields [9] . However, this previous study relies on a fortuitous energy scheme between the two dissociation channels of singly ionized NO. As it will become evident later in this paper, a more general study is needed for us to understand the single-ionization-induced dissociation of molecules in strong fields.
In this paper, we perform a general study of the effects of detailed electronic structures on single-ionization-induced molecular dissociation. By comparing the branching ratios of different dissociation channels induced by a light field either parallel or perpendicular to the molecular axis, we show that the initial electronic structures play a significant role on single ionization along the direction perpendicular to the molecular axis.
The laser used in our experiment is an amplified Ti:sapphire system consisting of a modelocked oscillator and a two-stage amplifier (a regenerative amplifier and a two-pass external amplifier). After final pulse compression, the system generates 60 fs pulses of about 1.2 mJ pulse −1 at a 1 kHz repetition rate with the central wavelength at 800 nm. A thin lens is used to focus the laser beam into the target chamber. The dispersion introduced from the optics and the chamber window is pre-compensated by introducing an additional negative chirp at the compressor after the amplifier. The chamber base pressure is <5.0 × 10 −10 Torr. The details of our experimental set-up have been described previously [9] . In brief, a standard TOF mass spectrometer is used for ion collection and detection. At the end of the TOF, ions are detected with a microchannel plate as a function of flight time. This signal is further amplified, discriminated, and either integrated with a boxcar to produce ion yields or sent to a multi-hit time digitizer to generate TOF mass spectra. The time digitizer used provides an ultrahigh resolution of 100 ps of the flight time. A zero-order half-wave plate is used before the focusing lens to change the polarization of the laser filed to either parallel (p polarization) or perpendicular (s polarization) to the TOF axis. The TOF voltage plates for extracting and accelerating ions each has only a 1 mm pinhole opening to allow ions to pass through [9] . An ion-ion correlation technique is used to identify different dissociation channels similar to those used in [10] . Our criterion in determining ion-ion correlation is as follows. Usually, a total of 5 × 10 6 laser shots are averaged to search for a correlated ion pair. We consider two ion peaks are not correlated if no correlation is detectable at all after 5 × 10 6 laser shots. On the other hand, for a pair of correlated ion channels, our technique can readily show the correlation after 2.5 × 10 6 laser shots. As discussed in a previous study for single-ionization-induced dissociation of NO [9] , the dissociation channel N + O + (labelled as O(1, 0)) is more energetically favourable than the N + + O channel (labelled as N(1, 0)). However, that observation indicates that singly ionized NO with light field perpendicular to the molecular axis, if it dissociates, will preferably dissociate into N(1, 0) rather than O(1, 0). As discussed in [9] , since the O atom has a greater electronegativity than the N atom in NO, the 1π bonding electrons that bond the N and O atoms together will overall shift towards the O atom. Therefore, a 1π electron closer to the N atom is less bound to the molecule than a 1π electron closer to the O atom. As a result, a 1π electron closer to the N atom should be removed more easily and this will result in a higher N(1, 0) signal. Note, the removal of the 1π electron does not necessarily occur in one step. For example, if the outermost 2π electron is first ionized, it is also possible that a 1π electron in NO makes a transition to the unoccupied 2π orbital in the presence of the strong field [11] [12] [13] . The final outcome through this stepwise process will be identical to the one-step process and therefore, electronegativity will play the same role in both processes. This effect of electronegativity is only observed when the laser polarization is oriented perpendicular to the NO molecular axis because the perpendicular ionization is more sensitive to the initial electronic structure as the removed electron sees a simpler atomic-like single-well potential. This effect may not be seen for electron ionization along the molecular axis, because the removed electron will see a complicated double-well potential and the influence of the abovementioned electronic structures may be smeared out. Furthermore, this observation is another manifestation of the fundamental difference between ionization dynamics in strong fields versus weak fields [5] . Theoretically, it is extremely difficult to attain a rigorous quantum mechanical description of an interacting system in strong fields. During the strong interactions, it is not always possible to exactly characterize all the quantum processes involved and therefore, some simple and intuitive pictures have been commonly used in interpreting strong-field phenomena, such as the rescattering model mainly used in atoms [14] and the effects of detailed electronic structures used in molecules [3, [5] [6] [7] . Although not explicitly evident, both pictures can be considered as intuitive approximations of complicated quantum interactions in strong fields. Giving the complicated nature of strong field-molecule interactions, we will still discuss single-ionization-induced dissociation using the intuitive molecular picture that considers the detailed electronic structure effects as proposed in [9] . However, further theoretical studies are necessary to fully characterize our experimental results. At the same time, it is necessary for us to perform further experiments to understand single-ionization-induced dissociation in molecules.
In this work, we extend our experimental study to other molecular systems. CO is another heteronuclear diatomic molecule, and two dissociation pathways exist following single-electron ionization of CO, C + + O (labelled as C(1, 0)) and C + O + (labelled as O (1, 0)). The electronic structure of CO is KK (4σ ) 2 (1π ) 4 (5σ ) 2 [15] [16] [17] [18] , and the valence electronic bonding of CO has been studied previously [17] . In CO, the outermost orbital (5σ ) 2 is virtually a non-bonding orbital, while the next two orbitals, (4σ ) 2 and (1π ) 4 , are strongly bonding orbitals [17] . From the electronic configuration point of view, if we remove a non-bonding electrons from orbital (5σ ) 2 , the remaining strongly bonding electrons should most likely lead the singly ionized CO to the ionic state, CO + . However, if we remove an electron from an inner strongly bonding orbital (4σ or 1π ), the bond between C and O will be less stable and one of the dissociation channels will occur, C(1, 0) and O(1, 0). Similar to the analysis in NO [9] , if we remove a bonding electron closer to C, the C(1, 0) channel will more likely result; if we remove an electron closer to O, the O(1, 0) channel will more likely result. In CO, the O atom also has a higher electronegativity than the C atom and therefore, the overall bonding electrons in the 1π or 4σ orbitals between the C and O cores should shift towards the O core. Therefore, we should also expect that removal of an electron closer to the C core will be easier and this leads to C(1, 0). On the other hand, the energy level of the dissociation channel C(1, 0) (22.4 eV) is also lower than O(1, 0) (24.7 eV) [19] . Unlike in NO that energy-level analysis and initial electronic structure give opposite predictions [9] , the two pictures for CO both predict that C(1, 0) is more favourable than O(1, 0). In order to separate the effects of electronic structures from the contribution based on the energy-level consideration, a more general technique is needed to study the influence of electronic structure on single-ionization-induced dissociation in diatomic molecules. Figure 1 shows a typical TOF spectrum of C(1, 0) following single ionization of CO. In our experiment, the molecules in the target region are randomly oriented. The ion fragments dissociated from the molecules oriented along the TOF axis will always result in a double-peak structure corresponding to the ions with the initial velocity towards and away from the MCP detector at the end of a TOF drift tube. However, ions dissociated from molecules oriented perpendicular to the TOF axis, if they can pass through the pinhole in the extraction and acceleration plates, will have a nearly zero kinetic energy on the TOF spectra, corresponding to the central region of the TOF spectrum. The TOF spectrum of O(1, 0) following single ionization of CO has a similar structure. Since the outer double peaks of C(1, 0) and O(1, 0) are more well defined, we will confine our attention to studying only molecules that orient and dissociate along the TOF axis. Note, the 1 mm pinhole should also pose little constrain for the molecules that dissociate along the TOF axis. For molecules along the TOF axis, an electron will see a double-well potential when it is removed by p-polarized light (parallel to the TOF axis) while will see a single-well potential when it is removed by s-polarized light (perpendicular to the TOF axis) (see figure 1 ) [9, 20] . Therefore, as we change the laser polarization from p to s (from parallel to perpendicular with respect to the TOF axis), we will expect that the overall dissociation signal decrease for molecules oriented along the TOF axis, since it is easier to remove an electron along the molecular axis (double-well potential) than perpendicular to the axis (single-well potential) [1, 9, 20] . However, different dissociation channels should decrease proportionally by roughly the same amount if the ionization-induced dissociation is purely determined by the energy threshold of each channel. In other words, the branching ratio between different channels should remain nearly the same when laser polarization is changed from p to s. However, if the detailed initial electronic structures play an important role in the dissociative ionization dynamics, the branching ratio between different channels may change since initial electronic structures play a much greater role for electron ionization along the direction perpendicular to the molecular axis (single-well potential) [9] . To test the validity of this method, we first apply it to the previously studied dissociation channels of NO, i. although not all fitting curves are displayed. The dashed curves in the figures represent the best fit for N(1, 0) and O(1, 0) resulting from the NO molecules dissociated along the TOF axis. For clarity, the fit to the central regions between the two peaks of N(1, 0) and O(1, 0) are not displayed in the figures, and these central regions are associated with the molecules dissociating perpendicular to the TOF axis and will not be studied in this paper. For parallel ionization with p-polarized light where the removed electron sees a double-well potential along the molecular axis, the ratio R P,NO = [S N(1, 0) /S O(1, 0) ] P is determined to be ∼0.78. Thus, the signal strength of O(1, 0) is higher than N(1, 0), and this agrees with the energy analysis that the energy threshold of O(1, 0) is lower. Now, we turn our laser polarization to s, and figure 2(b) shows the obtained TOF spectrum at the same intensity. Dissociation peaks along the TOF axis can be extracted and the ratio R S,NO = [S N(1, 0) /S O(1, 0) ] S is found to be ∼1.28 with the s-polarized light. This shows that the perpendicular ionization yields a higher N(1, 0) than O(1, 0). This is consistent with our previous observation that N(1, 0) has a higher signal strength than O(1, 0) for perpendicular ionization when the removed electron sees a singlewell atomic potential, indicating that the detailed electronic structures may play a greater role than energy thresholds for perpendicular ionization in the strong laser field. The consistency between the present and the previous experiments demonstrate that our technique used here is a valid approach in studying single-ionization-induced dissociation in diatomic molecules.
Electronegativity of the O atom is also larger than C in CO, and therefore, we also expect C(1, 0) is a more favourable channel than O(1, 0) purely from the electronic structure consideration. With the above-established technique, the TOF spectra of C + and O + are taken with both p-polarized and s-polarized light at an intensity of 6.0 × 10 14 W cm −2 , as shown in figure 3 . Again, multiple Gaussian curves are used to fit the ion peaks. Note, the peak positions for all the single-ionization-induced dissociation channels of CO and NO are held unchanged when laser polarization is changed from p to s. The ratios R P,CO = [S C(1, 0) /S O(1,0) ] P and R S,CO = [S C(1,0) /S O(1,0) ] S are found to be ∼2.86 and 10.19, respectively. Therefore, there is a factor of 3.56 (10.19/2.86; a standard deviation is determined to be 0.49 from measurements at four different intensities) increase for singly ionized CO to dissociate into the C(1, 0) channel when ionization is along the direction perpendicular to the CO molecular axis. The greater enhancement in the factor of R S,CO /R P,CO (∼3.56) than R S,NO /R P,NO (∼1.64) is consistent with the fact that the difference of electronegativity between the C and O cores in CO is greater than that between the N and O cores in NO (electronegativity: C = 2.5, N = 3.0 and O = 3.5 [21] ). In comparison, we also repeat the above analysis on the double-ionization-induced dissociation channel, CO 2+ → C + + O + (C + in this channel is labelled as C(1, 1) and O + as O(1, 1), as shown in figure 3 ). Since one electron is removed from the vicinity of each of the two cores in the double ionization, we will not expect to see any selectivity as we do for single ionization. As a result, the ratio of R P,CO and R S,CO for C + + O + remains virtually the same (R S,CO /R P,CO ∼ 0.93; a standard deviation is determined to be 0.04 from measurements at four different intensities) when the laser polarization is switched from p to s. This further confirms that the single-ionization-induced dissociation in CO is also strongly influenced by the detailed electronic structure of the CO molecule for perpendicular ionization.
Additionally, as we can see from figure 3 , there are two pairs of small peaks, one pair between C(1, 0) and C(1, 1) (perpendicular ionization) and one pair between O(1, 0) and O(1, 1) (parallel ionization). These small peaks can either come from single ionization of CO with larger kinetic energy release or from double ionization with smaller kinetic energy release. In order to identify the origin of these small peaks, we also perform ion-ion correlation experiments [10] , where one of these small peaks (C + or O + ) is taken as a trigger each time. We do not find any correlation signal in the TOF spectra over 5 × 10 6 laser shots. Therefore, these small peaks cannot come from the same parent ion, CO 2+ ; instead, they must come from singly ionized CO with relatively large final kinetic energy release. Thus, we label these small peaks as C(1, 0) fast and O(1, 0) fast to distinguish them from the main C(1, 0) and O(1, 0) channels. The initial kinetic energy release of the dissociation channels following single-ionization of CO at an intensity of 6.0 × 10 14 W cm −2 is determined to be 0.94 eV for the C(1, 0) channel, 2.57 eV for the C (1, 0) ; a standard deviation is determined to be 0.45 from measurements at four different intensities) increase for singly ionized CO to dissociate into the higher kinetic-energy C(1, 0) fast channel than the O(1, 0) fast channel when the ionization is along the direction perpendicular to the CO molecular axis. Thus, the study of these higher kinetic-energy dissociation channels of CO again reinforces our argument that the initial electronic structures play a significant role on single ionization along the direction perpendicular to the molecular axis in heteronuclear diatomic molecules. Finally, we have also studied the intensity effects on all the channels we have discussed in this paper in the range from 1.0 to 6.0 × 10 14 W cm −2 . The observed selective charge separation in both NO and CO persists at all intensities, reinforcing that our observation is a general phenomenon rather than an accidental effect that occurs under a specific experimental condition.
In summary, we introduce a general technique in this paper to study dissociation channels of singly ionized heteronuclear diatomic molecules by comparing the branching ratios of these channels induced by a light field either parallel or perpendicular to the molecular axis. The experimental results show that a singly ionized heteronuclear diatomic molecule XY, if it dissociates, will preferentially dissociate into X + + Y than X + Y + for perpendicular ionization when the electronegativity of X is smaller than that of Y. We believe that this is a general phenomenon when a perpendicular field ionizes a bonding electron from a heteronuclear diatomic molecule with two cores having different electronegativity. As a complete quantum mechanical treatment is lacking, we discuss these experimental results using the concept introduced in [9] that detailed electronic structures play an important role in strong field molecular ionization and dissociation. While further theoretical and experimental studies are desirable to fully characterize the observation, our experimental results suggest another evidence to reinforce our understanding of the fundamental differences between ionization dynamics in strong fields versus weak fields [5] .
